Vibrio cholerae, the causative agent of the severe diarrheal disease cholera, thrives in both marine environments and the human host. To do so, it must encode the tools necessary to acquire essential nutrients, including iron, under these vastly different conditions. A number of V. cholerae iron acquisition systems have been identified; however, the precise role of each system is not fully understood. To test the roles of individual systems, we generated a series of mutants in which only one of the four systems that support iron acquisition on unsupplemented LB agar, Feo, Fbp, Vct, and Vib, remains functional. Analysis of these mutants under different growth conditions showed that these systems are not redundant. The strain carrying only the ferrous iron transporter Feo grew well at acidic, but not alkaline, pH, whereas the ferric iron transporter Fbp promoted better growth at alkaline than at acidic pH. A strain defective in all four systems (null mutant) had a severe growth defect under aerobic conditions but accumulated iron and grew as well as the wild type in the absence of oxygen, suggesting the presence of an additional, unidentified iron transporter in V. cholerae. In support of this, the null mutant was only moderately attenuated in an infant mouse model of infection. While the null mutant used heme as an iron source in vitro, we demonstrate that heme is not available to V. cholerae in the infant mouse intestine.
T
he Gram-negative bacterium Vibrio cholerae has an absolute requirement for iron (1) . Despite the prevalence of iron within its environmental niches and human host, most of this iron is not readily available. Iron occurs naturally as oxidized (ferric) or reduced (ferrous) iron (2) . Ferric iron(III), found in oxygenated environments at neutral to alkaline pH, has very low water solubility and forms large insoluble complexes. Studies of ocean water have found iron to be the limiting nutrient for microbial growth (3) . Soluble, ferrous iron(II) is more prevalent under the anoxic conditions that V. cholerae may encounter while colonizing the human host. However, access to iron in the host is limited due to competition with other microbes on host surfaces, as well as sequestration by high-affinity iron-binding host proteins such as transferrin and lactoferrin (4) (5) (6) (7) . Despite the challenges of obtaining iron in these various environments, V. cholerae is proficient in growth in both marine and host environments.
The V. cholerae genome encodes multiple iron acquisition systems, which each transport a specific form of iron and may thus optimize iron acquisition in the various niches that V. cholerae inhabits (8) (9) (10) (11) (12) . These include genes for the synthesis (vib) and utilization (viu) of vibriobactin, a siderophore that is secreted into the environment, where it binds ferric iron with extremely high affinity (9, (13) (14) (15) . Ferrivibriobactin is bound by the outer membrane receptor ViuA (16, 17) and is transported across the outer membrane in a process that requires either of two energy transduction systems, TonB1 or TonB2 (18) . Subsequent transport into the cytoplasm occurs through either ViuPDGC (19) or VctPDGC (11, 20) , periplasmic binding protein-dependent, inner membrane catechol transport systems. Iron is removed from vibriobactin in the cytoplasm by ViuB (21) . Heme, which also can be used as an iron source, is transported through an analogous TonB-dependent system involving the outer membrane receptor HutA (22) (23) (24) , HutR (24) , or HasR (24) and the inner membrane transport system HutBCD (18) .
In addition to systems that allow transport of complexed iron, V. cholerae also encodes systems for the uptake of ferrous and ferric iron that is not bound to a siderophore or other high-affinity chelator. Ferrous iron can be transported through FeoABC (10, 25) . FeoB is an integral inner membrane protein which is believed to form the pore through which iron is transported. The roles of FeoA and FeoC in V. cholerae remain unclear, but both are essential for Feo function (26) . Unchelated ferric iron can be transported through FbpABC, an inner membrane system with homology to ABC transporters (10) . In addition to its role in catechol siderophore transport, the VctPDGC system is capable of siderophore-independent transport of iron (11) . Although the mechanism and substrate of the siderophore-free iron transport by Vct remain unknown, it supports moderate growth in the absence of functional Feo, Fbp, and Vib systems. It is not currently known how ferrous and ferric iron access the periplasmic space in V. cholerae; however, when expressed in Escherichia coli, these systems do not require TonB for iron acquisition, suggesting diffusion of unchelated iron through porins or similar proteins (10) . The Vib, Feo, Fbp, and Vct systems all participate in iron uptake in V. cholerae growing under typical laboratory conditions, and genetic disruption of all four of these systems rendered V. cholerae unable to grow on LB agar, even with iron supplementation (11) . This mutant strain, referred to as the null strain, retains the heme transport systems and could be maintained on medium containing heme. The relevant systems are listed in Table 1 .
It is not clear what roles each of the iron transport systems play in the acquisition of iron during growth in the environment or in human infection. The presence of multiple systems suggests that V. cholerae might use different systems to optimally acquire iron under different conditions. To test this, we constructed a set of isogenic strains in which only one of the Feo, Fbp, Vct, and vibriobactin systems is functional. By assessing the growth of these strains under different environmental conditions, we demonstrate that these iron acquisition systems are not functionally redundant but differ in their ability to support growth as pH and oxygen levels are varied. Further, we present evidence for an additional, unidentified iron transport system that functions under anoxic growth conditions. This system may also function when the bacteria are growing in the intestine of a mammalian host, since the feo fbp vct vib viuA mutant displayed only a modest loss of fitness in the infant mouse model, despite its severe growth defect in vitro.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are listed in Table 2 . Strains were maintained at Ϫ80°C in tryptic soy broth with 20% glycerol. Strains were routinely grown in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, and 1% sodium chloride) or on LB agar (1.5% agar) at 37°C. Heme (5 M) was used for the routine growth of iron transport-deficient strains. Antibiotics were used as follows for V. cholerae strains: 75 g/ml streptomycin, 50 g/ml kanamycin, 100 g/ml ampicillin, 5 g/ml chloramphenicol, and 5 g/ml gentamicin. For E. coli strains, 50 g/ml kanamycin and 100 g/ml ampicillin were used.
The iron content of the LB broth was determined by a FerroZinebased assay. Iron sulfate was added to LB broth at final concentrations of 0, 5, 10, and 20 M. The reducing agent ascorbate was added to a final concentration of 10 mM to reduce total iron in the samples to the ferrous state. Total iron was then quantified by the addition of 1 mM (final) FerroZine (Sigma), vortexed, and incubated at room temperature for 5 min prior to measuring the absorbance at 562 nm. This assay was performed on three separate LB broth samples prepared on separate days. Linear regression was used (GraphPad Prism), and the molar extinction coefficient of Fe-FerroZine (27.9 mM Ϫ1 cm Ϫ1 at 562 nm) was used to calculate iron in LB broth with no added iron. For growth assays, iron sulfate (FeSO 4 ) and heme were added where indicated to final concentrations of 40 M and 10 M, respectively. LB medium at pH 6.5, 7.5, and 8.5 was buffered with 50 mM piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES), HEPES, or N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine (Tricine), respectively. Deferrated ethylene diamine diorthohydroxyphenyl acetic acid (EDDA) (27) was used at a final concentration of 20 g/ml to induce iron starvation. Microaerobic environments were generated using the GasPak EZ Campy container system (BD Biosciences); anaerobic environments were generated using AnaeroGen 2.5L (Thermo Scientific). Sucrose supplementation was used at a final concentration of 0.4% (wt/vol) for inductively coupled plasma mass spectrometry (ICP-MS) sample preparation.
Liquid growth assays. Liquid growth assays were carried out in 96-well plates (Corning) with automated readings using a Flexstation 3 (Molecular Devices). Cultures were grown overnight in LB supplemented with streptomycin and heme and were then diluted 1:100 or 1:200 into fresh LB medium with the indicated supplements. Optical density was assessed at 650 nm every 2.5 min over 10 h at 37°C; a reduced number of data points are depicted in the figures here. All liquid growth assays displayed are the means from three biological replicates.
Colony size assays. Colony size assays were performed on LB agar. Overnight cultures of indicated strains were diluted and plated to obtain well-isolated colonies. After 24 h of incubation at 37°C, the diameters of 10 well-isolated colonies were measured using a reticle. The data shown are the means from single experiments and are representative of biological replicates.
Plasmid construction. Primers used for PCR are listed in Table 3 . For the generation of vctP mutations, the SmaI fragment of pGM⍀1 (28) was cloned into the blunted pCat120 (11) AvrII and Mlul sites. The SalI/NotI fragment of this plasmid was then cloned into the SalI/NotI sites of pCVD442N to result in pCGM120.
The deletion of feoABC was created using pSfeo⌬::kan. Primers feo1-sal-feo2-sma and feo3-sma-feo4-RV were used to amplify V. cholerae N16961 sequence. Splice overlap PCR was performed to join these fragments together, and the resulting product was ligated into the SmaI site of pWKS30. Primers were designed to introduce a SmaI site at the junction of the splice overlap PCR product, and the SmaI site was used to introduce the kan cassette from pUC4K (Amersham). This construct was moved into pHM5 using SalI and EcoRV restriction sites to generate pSfeo⌬::kan.
Deletion of viuA was achieved using pSviuA. Regions up-and downstream of viuA (VC2211) were amplified from V. cholerae O395 using PCR with primers ViuA.776-ViuA.1817.rev and ViuA.3912.SOViuA.4941.rev. Splice overlap PCR was performed to join these fragments together, and the resultant product was ligated into the SmaI site of pCVD442N to generate pSviuA.
Mutations in hemA (VC2180) were generated using pShemA. PCR fragments were amplified from V. cholerae O395 using primers HemA.234-HemA.1233.rev and HemA.2134.SO-HemA.3133.rev. Splice overlap PCR was used to join these fragments together, and the resultant product was ligated into the SmaI site of pCVD442N to generate pShemA.
The V. cholerae O395 hemA gene locus was amplified using primers HemA.934-HemA.2493.rev by PCR. The blunt product was ligated into the SmaI site of pWKS30 to generate the plasmid pHemA. Mutant construction. Allelic exchange, as described previously (24) , was used to generate all mutations in this study. Mutations in fbpA and vibB were created using pSfbpA::cam and pSvibB⌬ as described previously (10) . Mutations in vctP, feoABC, viuA, and hemA were introduced using plasmids pCGM120, pSfeo⌬::kan, pSviuA, and pShemA, respectively. Allelic exchange was performed using SM10 pir, which carries the necessary genes for conjugation. Selection for sucrose-resistant exconjugants was carried out in the presence of 10% (wt/vol) sucrose with 5 M heme, as needed.
(i) EPV102 (⌬viuA ⌬vibB feoABC::kan vctP::gent fbpA::cam) (null). The gent cassette was introduced into the vctP locus of ARM591 (10) to generate ARM592. The kan cassette was then used to replace feoABC to create EPV6. The unmarked deletion of viuA was then introduced into EPV6 to result in EPV102.
(ii) EPV104 (⌬viuA ⌬vibB vctP::gent fbpA::cam) (vFeo). The unmarked viuA deletion was introduced into ARM592 to generate EPV104.
(iii) EPV115 (⌬viuA ⌬vibB feoABC::kan vctP::gent) (vFbp). The unmarked viuA deletion was introduced into ALV101 (10) to generate EPV105. The gent insertion into vctP was then introduced to create EPV113. The replacement of the feoABC locus with the kan cassette was then introduced into EPV113 to generate EPV115.
(iv) EPV103 (⌬viuA ⌬vibB feoB::tmp fbpA::cam) (vVct). The unmarked viuA deletion was introduced into CFV1 (10) to generate EPV103.
(v) EPV126 (feoABC::kan vctP::gent fbpA::cam) (vVib). The feoABC::kan mutation was introduced into wild-type O395 to generate EPV111. Next, the gent insertion into vctP was introduced into EPV111 to generate EPV114. Finally, the fbpA::cam mutation was introduced into EPV114 to generate EPV126.
(vi) EPV134 (⌬hemA). EPV134 (⌬hemA) was created through the introduction of the unmarked hemA mutation into the wild-type O395 background, resulting in deletion of hemA.
qPCR. Overnight cultures of O395 were diluted 1:200 into 25 ml LB buffered at pH 6.5, 7.5, or 8.5 and grown to mid-logarithmic phase. EDDA was then added to induce iron starvation. Fifteen minutes after the addition of EDDA, RNA was harvested from cells using RNA-Bee (Tel-Test, Inc.). Following DNase I (Life Technologies) treatment, Superscript III reverse transcriptase (Life Technologies) was used to generate cDNA. Power SYBR green (Life Technologies) chemistry was used for the amplification and detection of products. Samples were prepared and processed in biological triplicate. Primers used for quantitative PCR (qPCR) are listed in Table 3 . Threshold cycle (C T ) values were normalized against those for rpoZ. Analysis of values was done through the ⌬⌬C T approach.
ICP-MS. Overnight cultures of O395 (wild type) or EPV102 (null) were diluted in LB and plated for single colonies on LB agar supplemented with sucrose. Cells were washed from plates with sterile saline after 24 h of incubation aerobically or anaerobically at 37°C, and 2.5 ϫ 10 9 to 5 ϫ 10 9 cells (determined by A 650 ) were pelleted and washed with saline. Pellets were then resuspended in 1 ml of 35% (vol/vol) trace-metal-grade nitric acid (Fisher Scientific). Cell suspensions were transferred to 5-ml Savillex vials, sealed, and heated at 80°C for 3 to 6 h. Vials were cooled and allowed to evaporate to dryness at 60°C overnight. The residue was resuspended in 1 ml of 2% (vol/vol) nitric acid and incubated at 60°C overnight. Metal content was measured using the Agilent 7500ce inductively coupled plasma mass spectrometer and analyzed against defined standards at the quadrupole inductively coupled plasma mass spectrometry (ICP-MS) laboratory in the Jackson School of Geosciences at the University of Texas at Austin. Samples were prepared in biological triplicate. In vivo and in vitro competition. The in vivo competition assays in 5-day-old BALB/c mice were performed as described by Taylor et al. (29) , using a protocol approved by the University of Texas Institutional Animal Use and Care Committee. A minimum of five mice per experiment were inoculated intragastrically with 50 l saline containing 0.02% Evans blue dye and 10 5 CFU of each competing strain grown to mid-logarithmic phase in LB medium supplemented with 5 M heme. The mice were sacrificed 18 h after inoculation, and the total intestine was homogenized in sterile saline. Serial dilutions of both the inoculum and the homogenate were plated on selective medium to allow determination of the ratios of the competing strains. For competition of the hemA mutant (EPV134) and its wild-type parental strain, quantification of strains was done by plating on streptomycin with heme (2.5 M) and patching colonies onto streptomycin plates lacking heme to identify hemA mutants. In vitro competitions were performed by inoculating a 3-ml LB culture with 50 l saline containing approximately 10 5 CFU of each strain in competition. For competition between the hemA mutant and wild type, heme was added to the medium at indicated amounts. Anaerobic competition assays were performed in an anaerobic chamber (Coy Laboratories). All cultures were incubated at 37°C with shaking. Cultures were serially diluted and plated at time zero and at 18 h on selective medium to allow quantification of each strain in competition.
Relative fitness was determined through calculating the competitive index (CI) as follows: CI ϭ (mutant output /wild type output )/(mutant input / wild type input ). A CI equal to 1 indicates no fitness defect, while a CI of Ͻ1 indicates a fitness defect in the mutant and a CI of Ͼ1 indicates a fitness advantage for the mutant.
RESULTS
Characterization of the roles of individual V. cholerae iron transport systems. We previously demonstrated that mutation of four iron acquisition systems, feo, fbp, vct, and vib, in a single V. cholerae strain background eliminated growth on LB medium (11) . The amount of iron in LB medium is 5.5 Ϯ 0.2 M, as determined by the FerroZine assay, which is sufficient to support growth of the wild-type strain. Failure of the mutant to grow in this medium indicates that even where iron is abundant, at least one of the iron transporters is needed. To investigate the roles of these systems, we constructed a series of isogenic strains in which only one of these four systems is functional. viuA, which encodes the vibriobactin receptor, was also deleted from vibriobactin biosynthesis mutant (vibB) strains to eliminate cross-feeding when a vibriobactin-producing strain was used in competition assays. The strain with all four systems disrupted is designated the null strain, and strains retaining only a single functional system are designated vFeo, vFbp, vVct, and vVib for their respective functional system (Table 2 and Fig. 1 ). As expected, the wild-type strain carrying the full complement of iron acquisition genes displayed robust growth on LB agar while the null strain failed to grow (Fig. 1A) . The strains with individual systems varied in growth density on LB agar. Neither vFeo nor vVct appeared to grow as densely as the wild type, vFbp, or vVib in this assay, sug- gesting differences in the ability of these transport systems to acquire iron under this condition. All of these strains, including the null strain, retain the ability to acquire and utilize heme as an iron source, allowing strains to be routinely maintained on medium with heme. Growth was observed for the null strain on LB agar supplemented with heme, and differences in growth density among the other strains were reduced (Fig. 1B) . Differential growth of single-system strains on solid or in liquid medium. Because the initial screening on agar suggested that the single-system strains differed in their growth, quantitative assays were used to compare the strains. Colony sizes were determined for each strain growing on LB agar as described previously (11) , and growth in liquid culture was used to measure differences in both final cell density and growth rate. The wild type grew well on solid medium and in liquid culture, and there was no significant difference between growth on unsupplemented medium and in the medium containing additional iron (Fig. 2A) . The null strain formed microcolonies on LB agar in the absence of heme, and the colony size was not stimulated by the addition of iron to the medium ( Fig. 2A) . In LB broth, the null strain underwent 3 to 4 doublings, most likely the result of iron stores acquired during overnight growth in heme (Fig. 2B ). As observed with the colony size assay, supplementation of the liquid medium with iron did not cause a significant increase in growth, suggesting that there is at most minimal iron acquisition during the course of the experiment. Supplementation with the usable iron source, heme, allowed the null mutant to grow to the same final density as the wild type. All of the single-system strains grew to near-wild-type levels when grown in medium containing heme in both assays ( Fig. 2A and C), but there were distinct differences in their growth in unsupplemented or iron-supplemented medium ( Fig. 2A and B) .
vFeo formed small colonies on LB agar ( Fig. 2A) . While the amount of iron found in LB agar was sufficient for robust growth of the wild-type strain, supplemental iron was necessary for the vFeo strain to achieve wild-type colony sizes, suggesting that ferrous iron is limiting. In contrast, growth of vFeo in liquid medium was similar to that of the wild type, independent of supplementation. This may be due to differences in the oxidation state of iron in these media due to aeration, increased access to iron ligands due to greater diffusion in liquid than solid media, or differences in expression of iron transport genes.
vFbp showed the most robust growth on LB agar of any of the single-system strains ( Fig. 2A) . This was most evident in growth on unsupplemented agar, although the colony size for vFbp was still smaller than the wild type, even with iron supplementation. In liquid medium, vFbp grew similarly to the wild type ( Fig. 2A and B) .
vVct had the poorest growth of the single-system strains in both assays ( Fig. 2A and B) . Although larger than the null mutant, the colonies were small on unsupplemented agar and were significantly smaller than the wild type, even in the presence of supplemental iron. The poor growth of vVct was most evident in liquid medium. In the absence of iron supplementation, its growth was not significantly better than the null mutant (Fig. 2B) . However, unlike the null mutant, its growth was significantly stimulated by supplemental iron (Fig. 2A) . The reason for the poor growth in liquid medium is not known, but it may reflect properties of this transporter's ligand, which has not been identified.
vVib produced small colonies and had a low growth rate in the absence of heme ( Fig. 2A and B) . This was unexpected, given the high iron-binding affinity of the vibriobactin system (9). The reduced growth and absence of stimulation by FeSO 4 in either solid or broth medium suggest that vibriobactin, and not iron, is the limiting factor for the growth of this strain. In the absence of siderophore-independent systems, growth of vVib may be constrained until significant vibriobactin accumulates in the medium.
These data show that these iron transport systems, Feo, Fbp, Vct, and Vib, differ in their ability to support growth in complex media. To characterize these differences in more detail, the singlesystem strains were grown under specific conditions to determine environmental effects on the ability of each system to provide iron for growth.
pH affects the function of the V. cholerae iron acquisition systems. Because pH can affect the relative amounts of available ferrous and ferric iron, we wanted to test the function of these systems under differing pH conditions. V. cholerae encounters a wide range of pHs in infection of the human small intestine (pH 6.4 to 7.5) (30) and in marine environments (pH 7.5 to 8.4) (31). Growth of the single-system strains was assayed in LB buffered at pH 6.5, 7.5, or 8.5 (Fig. 3) . While the wild type maintained robust growth under all three pH conditions (Fig. 3A) , the null strain grew poorly under the tested conditions (Fig. 3B) , indicating that at least one of the four systems is needed for growth at each pH. vFeo grew robustly at pH 6.5 and 7.5 but had the same phenotype as the null strain at pH 8.5 (Fig. 3C) . This is consistent with the ligand for the Feo system, ferrous iron, being less abundant under more alkaline conditions. Conversely, the strain with only the ferric iron transporter Fbp grew robustly at pH 7.5 and 8.5, conditions under which most of the iron would be in the ferric form, and grew poorly at pH 6.5 (Fig. 3D) . vVct grew best at pH 7.5. It is not known what nonsiderophore iron substrate the VctPDGC system transports, but given the poor growth at pH 6.5, it is unlikely that VctPDGC transports ferrous iron (Fig. 3E) . vVib grew best at pH 7.5, and intermediate phenotypes were observed at both pH 6.5 and 8.5. Even at pH 7.5, vVib grew more slowly than the wild type. This may again suggest that the amount of vibriobactin synthesis or transport, rather than the amount or state of available iron, is the growth-limiting factor for this strain.
Effects of pH on growth are not solely due to changes in expression of iron acquisition genes. Differences in growth at the different pHs may reflect not only the relative abundance of ferric and ferrous iron but may also be attributable to the effects of pH on expression of the genes encoding the transport systems. The transcriptional regulator Fur is known to repress each of these systems under high-iron conditions (32) . Binding of iron to Fur allows Fur to repress transcription of genes with the Fur-box motif (32) (33) (34) . However, it is not known whether expression of these genes is also controlled by regulators that respond to environmental pH. To assess regulatory effects on the expression of iron acquisition genes under the different pH conditions, wild-type O395 was grown in LB buffered at pH 6.5, 7.5, or 8.5, and iron starvation was induced by the addition of the iron chelator EDDA. RNA was isolated, and quantitative PCR was used to assess the relative levels of feoB, fbpA, vctP, and vibB mRNA. In each case, the level of mRNA was compared to the level in cells grown at pH 7.5. For vibB, the mRNA levels were nearly equivalent at all three pHs (Fig.  4) , suggesting that the difference in growth as a function of pH was not due to differential expression of vib genes.
While growth of vFeo was robust at pH 7.5 and poor at pH 8.5 (Fig. 3C) , feoB expression was not different between pH 7.5 and pH 8.5 (Fig. 4) , suggesting that the poor growth of vFeo at pH 8.5 was not a consequence of feoB transcriptional repression. However, a significant increase in mRNA levels at pH 6.5 was observed compared to levels at pH 8.5. Increased expression of feoB at lower pH may benefit V. cholerae, as ferrous iron, the substrate of the Feo system, is expected to be more prevalent at acidic pH.
For vctP, significantly higher expression was observed at pH 8.5 than pH 6.5, consistent with the reduced growth of vVct at lower pH (Fig. 3E) .
fbpA mRNA levels were approximately 2-fold higher at pH 8.5 than at lower pH (Fig. 4) . While the expression of fbp at higher pH may increase the amount of Fbp available for transport of ferric iron under conditions where this form of metal may be more abundant, growth at pH 7.5 was not impaired, indicating that Fbp is not rate-limiting for growth. While the growth of vFbp was reduced at pH 6.5 compared to pH 7.5 ( Fig. 3D) , relative expression of fbpA was not significantly different between cells grown under the two pH conditions (Fig. 4) . Altogether, these data sug- gest that the differential growth of these strains as a function of pH was not solely the result of transcriptional repression.
Effect of oxygen levels on iron acquisition. Oxygen oxidizes ferrous iron to ferric iron. Under reduced-oxygen (microaerobic) conditions, more ferrous iron is expected to be present; as such, the amount of oxygen in an environment is expected to have an impact on the function of iron transport systems with ferrous and ferric iron substrates. When oxygen is absent from an environment, iron is expected to be predominantly in the reduced ferrous form. First, we tested the effects of reduced environmental oxygen on the growth of the single-system strains using the colony size assay, and plates were incubated under aerobic or microaerobic conditions. The wild-type strain displayed a modest reduction in colony size when oxygen was reduced, while the null strain grew equally poorly under both conditions (Fig. 5A) . The strains that transport ferric iron, vFbp and vVib, had slightly reduced colony sizes, while vFeo, the strain with the ferrous iron transporter, formed larger colonies when growing microaerobically than aerobically. This is consistent with oxygen-limiting conditions increasing the availability of ferrous iron for transport through the Feo system while decreasing available ferric iron. vVct formed similarly sized colonies under both conditions, suggesting that its substrate is not significantly affected by reduced oxygen.
We next assessed the growth of these strains in the absence of oxygen. The wild-type strain growing anaerobically formed smaller colonies than those with either aerobic or microaerobic growth. In contrast, the null strain grown anaerobically formed colonies that were larger than those under aerobic or microaerobic conditions and, in fact, were similar in size to wild-type colonies (Fig. 5B) . Since the wild-type and null strains had nearly identical colony sizes, the strains with single functional systems were not assessed in this assay.
The ability of the null strain to form larger colonies in the absence of oxygen may indicate that a reduced amount of iron is necessary for anaerobic growth, such that iron stored from growth in the presence of heme prior to the start of the assay was sufficient. Alternatively, there may be an additional iron acquisition system that specifically functions under anaerobic conditions. If the iron requirement anaerobically can be fulfilled through iron stores, iron should not be required in the growth medium during the assay. To test this, colony sizes of the null strain were measured after anaerobic growth with or without the addition of the iron chelator EDDA to the agar (Fig. 5C ). The addition of iron chelator resulted in a significant reduction in colony size, suggesting that 
), EPV102 (null) (B), EPV104 (vFeo) (C), EPV115 (vFbp) (D), EPV103 (vVct) (E), and EPV126 (vVib) (F). The data represent the means from three biological replicates.
FIG 4 mRNA levels of iron transport genes in response to pH changes. Quantitative PCR was used to measure relative levels of mRNA isolated from wildtype bacteria grown to mid-logarithmic phase and exposed to iron starvation stress through the addition of the iron chelator EDDA. The level of feoB, fbpA, vctP, and vibB mRNAs was assessed. The data represent the means and standard deviations from biological triplicates. *, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.0001, as determined by two-way analysis of variance, Holm-Šidák multiple-comparison test for ⌬C T values. the intracellular iron stores are insufficient for growth anaerobically, and thus, the growth of the null strain is dependent upon acquiring iron from the medium.
To confirm that the null strain was accumulating iron when grown anaerobically, ICP-MS was used to quantify the metal ions in bacterial cells growing aerobically and anaerobically. The wildtype and null strains were grown overnight in the presence of heme and plated onto LB agar for isolated colonies. After 24 h of incubation in either the presence or absence of atmospheric oxygen, bacterial cells were harvested from the plates to assess metal content. While the null strain accumulated only a very low level of iron when grown aerobically, a 5-fold-higher level of iron was found in cells grown anaerobically (Table 4 ). This suggests that there is an iron uptake system, separate from the four systems deleted from the null strain, that allows the cells to accumulate iron when growing in the absence of oxygen. The wild-type strain also showed a modest increase in intracellular iron levels when growing anaerobically. This result is distinct from observations in E. coli, where differences in intracellular iron levels were not seen when comparing cells grown aerobically and anaerobically (35) . Zinc contents were not significantly different among samples, indicating that there was not a general impairment of metal acquisition in response to iron starvation or oxygen presence.
The manganese content in null bacteria grown aerobically was significantly higher than that found in cells grown anaerobically or in wild-type cells under either condition. This is consistent with misregulation of Mn uptake as a consequence of iron starvation, as has been found in other bacteria (36, 37) . Under iron-replete conditions, Fe-Fur represses not only iron acquisition genes but also a manganese import system (VC1688) (38) and the small RNA RyhB (32) . When expressed, RyhB represses the genes sodB and fumC (39) , which encode the manganese-containing superoxide dismutase and the noniron form of fumarate hydratase, respectively. Under low-iron conditions, the expression levels of VC1688, sodB, and fumC increase, suggesting that manganese and manganese enzymes fulfill some of the roles that would otherwise be performed by their iron-containing equivalents.
Iron acquisition by V. cholerae in the infant mouse. Oxygen is low or absent in the intestine, and we hypothesize that a V. cholerae iron transport system that supports sufficient iron acquisition for anaerobic growth in vitro could allow the bacteria to obtain iron in the intestine. Therefore, we assessed the ability of the null mutant to compete with the wild type for colonization and growth in the infant mouse intestinal infection model (29, 40) . In prior studies, the infant mouse infection model has been employed to explore the function of iron acquisition systems in vivo, but most of the iron transport mutants tested thus far were only moderately attenuated or fully virulent (12) . To determine whether the null mutant (vib viuA feo fbp vct) has an iron transport system capable of supporting growth in the host, infant mice were inoculated with equal numbers of the null and wild-type strains. The mean competitive index of the null strain in this assay was 0.28 ( Fig. 6) . This equates to a 3-to 4-fold loss of fitness relative to the wild type. This is a larger effect than seen with the vib feo fbp mutant (12), and this may indicate a role for vctP in vivo. However, this decrease in fitness is relatively modest compared with the loss of fitness of the null strain grown in vitro in the presence of oxygen (mean competitive index, 0.006). In fact, it is more consistent with the relative fitness observed in vitro in the absence of oxygen (mean competitive index, 0.19), suggesting that V. cholerae growing in the infant mouse intestine behaves similarly to cells growing anaerobically in vitro. The moderate defect of the null strain in the mouse infection model, in addition to the demonstrated anaerobic iron accumulation in this strain ( Table 4 ), suggests that there is an iron transport system in V. cholerae that functions in the absence of oxygen and supports growth of the bacteria in vivo. Identification of this system will be crucial to understanding the interactions of this pathogen with its host. Heme is not a source of iron for V. cholerae in the infant mouse. Because the null mutant retains the ability to use heme as an iron source, it was possible that heme could serve as an iron source for V. cholerae in the infant mouse intestine. Previous studies indicated that the heme transporters are not essential for growth of V. cholerae in the infant mouse intestine, but the presence of additional iron transport systems did not allow determination of whether heme is available as a potential iron source within the host (24) . To determine whether heme is present in the infant mouse intestine, a hemA deletion mutant in the wild-type O395 background was generated (EPV134). HemA catalyzes the first committed step of heme biosynthesis (41, 42) , and a V. cholerae O139 hemA mutant was reported to have a significant growth defect (43) . Because the heme transport systems allow V. cholerae to utilize available heme, we reasoned that growth of a hemA mutant could serve as a sensor for the presence of heme in the environment. Indeed, EPV134 grew as well as the wild type in LB medium supplemented with heme but poorly in the absence of supplementation (Fig. 7A) . Supplying the wild-type copy of hemA on a low-copy-number vector allowed normal growth in the absence of heme supplementation (Fig. 7B) , confirming that the defect in EPV134 is in the hemA gene. An in vitro competition assay was used to assess the growth of the hemA mutant relative to the wild type at different heme concentrations. The hemA mutant competed poorly with the wild type in the absence of heme in vitro, but relative fitness increased in the presence of increasing concentrations of supplemental heme (Fig. 8A) . Heme concentrations of Ն10 M eliminated the competitive advantage of the wild type over the hemA mutant. This concentration of heme supported growth of the null strain (Fig. 1B) . Thus, if the hemA mutant is able to acquire sufficient heme for growth in the intestine, the level of heme available for growth should also be sufficient to sustain growth of the null mutant.
When in vivo competition of the hemA strain against the wild type was performed, few hemA mutants were recovered from the infant mice after 18 h of infection (Fig. 8B) . Of 23 infected mice, hemA mutants were recovered from only 7 animals (mean competitive index, 0.006), while the recovery of hemA mutants was below the level of detection in the remaining 16 mice (Fig. 8B) . The mean competitive index observed in the mice was similar to that observed in the absence of heme in vitro (mean competitive index, 0.02) (Fig. 8A) . The severe attenuation of the hemA mutant suggests that there is minimal heme available to V. cholerae in the infant mouse intestine, and growth of V. cholerae in this environment must depend on a source of iron other than heme. The null strain likely acquires this iron via an uncharacterized system that functions in anoxic environments.
DISCUSSION
V. cholerae has a large number of iron transport systems (11, 12) . These include siderophore synthesis (Vib) and transport (Viu), transporters for xenosiderophores (IrgA, Vct, and Fhu), ferric (Fbp) and ferrous (Feo) iron transporters, and heme uptake systems (Hut and Has). Vct can also transport iron in the absence of siderophore (11) . The maintenance of all these genes within the genome suggests that, while there may be some redundancy, each system confers a selective advantage during some stage of the V. cholerae life cycle. Having multiple iron acquisition systems may allow V. cholerae to acquire iron efficiently from the diverse sources available in the different environments that it inhabits. The need for multiple iron transport systems for optimal growth in different environments has been noted for other pathogens. In Yersinia pestis, the siderophore yersiniabactin is essential for the early stages of bubonic plague but is not needed for septicemic infection (44) . Y. pestis has multiple ferrous iron transporters, including Feo, Yfe, and Fet. These do not appear to be redundant, as mutations in either feo or yfe resulted in a significant growth defect (45) . Similarly, Bordetella pertussis uses different systems at different times during infection (46) . The alcaligin and enterobactin siderophore systems are expressed early in the course of infection, while heme transport is induced late, reflecting the availability of different iron sources during the course of infection.
In V. cholerae, the presence of multiple systems, some with potentially overlapping functions, makes it difficult to assess the role of individual systems. To more fully characterize the role of each system, we constructed and analyzed strains that have only one of the four systems that promote growth in standard, unsupplemented LB medium. Our data indicate that the different iron acquisition systems are not functionally redundant but are needed to optimize iron acquisition under a variety of conditions. For example, the Feo system appears to function best at low pH or reduced oxygen, where its substrate ferrous iron is expected to be present. Conversely, the Fbp system supports robust growth at alkaline pH or normal atmospheric oxygen levels where more ferric iron is expected. However, when strains with either system are grown in a pH environment where their respective substrate is less prevalent, these systems do not appear to be capable of supporting growth, growing as poorly as the strain deficient in all four of the iron transport systems.
Vibriobactin is often considered the most effective iron acquisition system in V. cholerae, because of the high affinity of the siderophore for iron. Therefore, it was surprising that vVib did relatively poorly in growth assays, especially as individual colonies on a solid medium ( Fig. 2A) , compared to vFbp, which also transports ferric iron. While siderophores are often considered the primary iron transport systems, their role is generally assessed in assays that are different from those used here (5, 47, 48) . Usually, assays measure the ability of the siderophore to compete with a soluble chelator, such as dipyridyl or EDDA, and frequently there is at least one nonsiderophore transport system, such as Feo, in the genetic background of the strain. In the experiments presented here, there is very limited siderophore available at the time when the strain is spread on the plate or diluted into fresh medium due to dilution at the beginning of the assays. The only way for the strain to obtain iron is to produce siderophore such that it would accumulate to a threshold concentration in the medium. We speculate that the growth defect is more pronounced in the colony size assay ( Fig. 2A) , since cells can easily use siderophore produced by other cells in liquid culture, while on solid medium, this will be limited by the rate of diffusion of siderophore in the agar.
Anaerobic growth of the null mutant in the absence of heme appears to be due to the presence of an additional, unidentified iron transport system. Both the null and the wild-type strains accumulate iron when grown anaerobically, and growth is significantly reduced when an iron chelator is added to the medium. This indicates that the ability of the null strain to grow anaerobically is dependent upon its ability to acquire iron. Growth of the null strain anaerobically, but not aerobically, suggests that ferrous iron is the likely ligand for the system. Feo also transports only ferrous iron, but unlike the null mutant, vFeo grows in the presence of oxygen, indicating that ferrous iron is available aerobically, possibly due to the presence of the VciB protein, which was proposed to act as a ferric iron reductase under aerobic conditions (49) . This suggests that it is not a lack of ferrous iron that prevents the growth of the null mutant in oxygen. It is more likely that the system is expressed only under anoxic conditions. V. cholerae has both the Fnr and ArcAB oxygen-sensing transcriptional regulators, and regulation of feo expression by the presence of oxygen has been reported (50). One, or both, of these regulators may control expression of iron transport genes. Having oxygen, as well as iron, regulate iron uptake systems can help protect the cells from oxidative stress and damaging radicals associated with the Fenton reaction in the presence of iron (51) . While iron is essential, excess intracellular iron in the presence of oxygen can be lethal (52) , and the cell may repress some systems in aerobic environments to reduce potential toxic effects of iron. An effect of oxygen on expression of V. cholerae iron transport systems is suggested by the observation that the wild type accumulated higher levels of iron anaerobically than under aerobic conditions.
Although the growth and metal accumulation data strongly suggest the presence of an additional mechanism of iron acquisition, the identity of the system is unknown at this time. No clear homologues of the characterized ferrous iron transport systems Shigella flexneri SitABCD (53) Relative fitness of wild-type O395 and EPV134 (O395 ⌬hemA) was determined in vivo. Each circle indicates a separate infant mouse. Circles indicate the calculated competitive index in mice from which EPV134 was isolated (n ϭ 7); EPV134 was not isolated from an additional 16 mice (not depicted). The competitive index (CI) was calculated by normalizing the output ratio to the input ratio of the two competing strains. Each data point represents one mouse, and the mean CI and standard deviation are represented by horizontal lines. A competitive index of Ͻ1 indicates a fitness defect for the hemA mutant under the condition. ent within the V. cholerae genome, and mutation of other candidate iron-regulated iron transporter genes (32, 34) has, thus far, not been successful in abrogating anaerobic growth. It is possible that a transporter for another metal, such as manganese, can also transport iron, as has been noted for the Salmonella Sit system (36) and S. flexneri MntH (54) .
It is of particular interest to identify the system(s) that enables V. cholerae to acquire iron during colonization of the mammalian intestine. Previous studies using single or multiple gene knockouts failed to identify any one iron transport system as critical for in vivo colonization and pathogenesis. Mutations in vibriobactin synthesis had reduced multiplication but still caused fluid accumulation in the mouse (62, 63) and a vibB fbpA feoB triple mutant competed well with its parent (10) . The most severe defect observed in the mouse model was seen in a mutant in which vibriobactin synthesis as well as the genes encoding both TonB systems was mutated, but interpretation of this is complicated by the fact that TonB may have effects in addition to iron transport (63) , and toxic peptides may have resulted from the manner in which the genes were disrupted. In competition assays, the null strain, lacking Vib, Feo, Fbp, and Vct, had a small but consistent defect in colonization. This indicates that one or more of these systems contribute to wild-type growth in the mouse. However, the null strain competed surprisingly well and could be recovered in relatively high numbers from the infected animals. This suggests that the null strain is able to acquire iron in vivo, most likely using the same system that allows it to grow and compete with the wild type under anaerobic conditions in vitro. Attempts to identify a candidate gene by bioinformatics approaches have, thus far, been unsuccessful. We have not excluded the possibility of a reduced iron requirement for V. cholerae during growth in vivo. However, the fact that the bacteria accumulate iron and are sensitive to an iron chelator when growing anaerobically suggests that iron is needed for growth under conditions that are similar to those in the intestine.
Heme is a potential iron source in the intestine and was reported to be present within the cecal fluid of the rabbit intestine (64, 65) ; however, to our knowledge, this has not been assessed in infant mice. Disruption of the three heme receptors in V. cholerae, which prevented heme transport, did not result in a loss of fitness during in vivo competition with the wild type (24) . This indicated that heme transport was not essential for V. cholerae virulence but did not establish whether heme is available to serve as an iron source in vivo. The hemA mutant, which cannot synthesize heme but can grow in the presence of exogenous heme, was unable to acquire sufficient heme to colonize and compete with the wildtype strain, suggesting that little or no heme is available to V. cholerae growing in the mouse intestine. This indicates that the system used by the null mutant to acquire iron in the infant mouse model is not heme.
The data presented in this study support a model whereby multiple iron acquisition systems contribute to the growth of V. cholerae in different environments. These systems have optimal conditions for iron acquisition, but there is overlap, ensuring some redundancy for acquiring this essential element. More than one system contributes to iron acquisition in vivo. The null strain had a reduction in fitness, indicating that at least one of the four systems missing in this strain contributes to colonization; however, the defect was modest, suggesting the presence of an additional system. Identifying this system, which is likely the same one supplying iron in anaerobiosis, is important to understanding the pathogenicity of this organism.
